Diesel engines are now the largest source of nitrogen oxides (NO x ) and fine particulate black carbon (soot) emissions in California. The California Air Resources Board recently adopted a rule requiring that by 2014 all in-use heavy trucks and buses meet current (2007) exhaust particulate matter (PM) emission standards. Also by 2023 all in-use heavy-duty vehicles will have to meet current NO x emission standards, with significant progress in achieving the requirements for NO x control expected by 2014. This will require retrofit or replacement of older in-use engines. Diesel particle filters (DPF) reduce PM emissions but may increase the NO 2 /NO x emission ratio to ∼35%, compared to ∼5% typical of diesel engines without particle filters. Additionally, DPF with high oxidative capacity reduce CO and hydrocarbon emissions. We evaluate the effects of retrofitting trucks with DPF on air quality in southern California, using an Eulerian photochemical air quality model. Compared to a 2014 reference scenario without the retrofit program, black carbon concentrations decreased by 12 ( 2% and 14 ( 2% during summer and fall, respectively, with corresponding increases in ambient ozone concentrations of 3 ( 2% and 7 ( 3%. NO 2 concentrations decreased by 2-4% overall despite the increase in primary NO 2 emissions because total NO x emissions were reduced as part of the program to retrofit NO x control systems on in-use engines. However, in some cases NO 2 concentrations may increase at locations with high diesel truck traffic.
Introduction
Heavy-duty diesel engines are an important source of air pollution on urban, regional, and national scales (1) (2) (3) . Although they account for only 2% of the on-road vehicle fleet and 4% of the vehicle-km traveled, heavy-duty trucks are responsible for over half of nitrogen oxide (NO x ) and exhaust particulate matter (PM) emissions from on-road mobile sources (4) . The importance of diesel engine emissions has been growing since 1990 due to success in controlling light-duty gasoline engine emissions, the failure of early efforts to control diesel NO x emissions, and a 3-fold higher growth rate of diesel fuel sales compared to gasoline (5, 6) .
In contrast to earlier diesel emission control strategies that relied on combustion modifications and improved engine designs (for example, exhaust gas recirculation), current control strategies now typically include exhaust aftertreatment (7) . Diesel particle filters (DPFs) trap particles in the exhaust stream and remove them through an oxidative process. DPFs may be configured with either active or passive methods for removal of accumulated particles. A typical active process is triggered by an increase in exhaust backpressure and involves injection of fuel onto a heated catalyst resulting in oxidation of carbon particles trapped on the filter. Passive regeneration cycles typically include a catalyst upstream of the particle filter; the catalyst promotes oxidation of nitric oxide (NO) present in the exhaust to nitrogen dioxide (NO 2 ). NO 2 in turn is used to help remove carbon particles from the filter to prevent it from plugging. With a passive filter NO 2 emissions are dependent on the NO x flux and exhaust temperature (7) . Other approaches and many variations on the above examples exist; emissions vary based on the oxidative capacity of the filter and other factors (8) .
Urea-based selective catalytic reduction (SCR) is an effective approach to controlling NO x emissions from heavyduty engines. The use of SCR requires urea distribution infrastructure. Urea is preferable to ammonia as the reducing agent because it can be stored in liquid form and is safer and easier to handle. Other approaches include lean NO x traps (LNT) that periodically regenerate by reducing NO x with fuel, and lean NO x catalysts that adsorb NO x under lean conditions and can also use fuel to reduce the NO x to N 2 . Conversion efficiencies of lean NO x traps and catalysts have not matched SCR, however, development is ongoing (7) .
DPF and SCR systems have not yet been widely deployed on diesel engines in the United States. Nationally, new heavyduty diesel engines were required to meet more stringent exhaust PM and NO x emission limits starting with the 2007 and 2010 engine model years, respectively. However, because of the long service life and slow rate of turnover for heavyduty engines, the California Air Resources Board (CARB) has adopted an in-use emissions control rule that requires heavyduty vehicle owners to retrofit or replace older engines (9) . This program is intended to accelerate reductions in diesel exhaust emissions that would otherwise occur more gradually due to fleet turnover. As a result, all on-road heavy-duty diesel trucks operating in California are expected to meet current new-engine exhaust PM emission standards by 2014. The adoption of best available control technology for NO x will proceed at a slower pace, to be completed by 2023. By 2014, half of the in-use heavy trucks in large fleets (4 or more vehicles) will be required to meet current new-engine emission standards for NO x (9) . Different rules and schedules for implementing NO x controls apply to independent operators and small truck fleets (9) . Side effects of the new emission controls may include reduced engine efficiency and changes in emissions of pollutants such as nitrogen dioxide (NO 2 ), nitrous acid (HONO), and ammonia (NH 3 ) (10, 11) .
To date the main concern about DPF systems appears to be increased primary NO 2 emissions. For example, Carslaw (12) and Carslaw et al. (13) showed that at many sites throughout London, NO 2 concentrations did not decrease along with NO x between 1997 and 2003, and the increase in the measured NO 2 /NO x ratio could be linked to the use of DPFs and an increase in the fraction of light-duty diesel vehicles. Jenkin et al. (14) reported a 7% increase in mean O 3 mixing ratios when modeling the effects of increases in NO 2 /NO x emission ratios in southern England. A positive side effect of DPF systems is that measured emissions of carbon monoxide, total hydrocarbons, and polycyclic aromatic hydrocarbons are reduced significantly when an oxidation catalyst is used with a DPF (8, 15) .
The diesel engine replacement/retrofit program in California will lower exhaust PM emissions, but may also increase the NO 2 /NO x emission ratio from <10 up to ∼35% over a relatively short time period (i.e., by 2014). Since the schedule for reducing diesel NO x emissions is more gradual compared to that for exhaust PM, increases in concentrations of NO 2 and related pollutants may be observed. Therefore, the objective of this study is to assess the impacts of diesel engine emission controls on ambient air quality, by comparing future emission scenarios with and without the accelerated diesel engine replacement/retrofit program. To make these comparisons, an Eulerian photochemical air quality model was applied to southern California for both summer (high ozone) and fall (high PM and NO 2 ) conditions. Air quality end points assessed here include O 3 and NO 2 in the gas phase, as well as fine particulate mass and its constituents.
Methods
Air Quality Model. The Community Multiscale Air Quality or CMAQ model (16) version 4.6, with the SAPRC99 gasphase chemical mechanism (17) and the AE4 aerosol module (18) was used to evaluate air quality for baseline (2005) and two alternative future (2014) emission scenarios. The choice of future year in this study was determined by the schedule for completing installation of particle filters on (or replacing) older on-road heavy-duty diesel engines in California. Gridded hourly meteorological fields were developed using the Mesoscale Meteorological model (MM5) version 3.6.1 (19) . Both meteorological fields and pollutant inflow boundary conditions for the air quality model are further described by Millstein and Harley (20) .
The southern California modeling domain used in this study has 65 × 40 grid cells with 5 km horizontal resolution. Figure 1 shows the modeling domain and locations of special study sites where PM 2.5 mass and chemical composition were measured (21) . Fifteen vertical model layers were used in a telescoping scheme, with the lowest layer being 36 m thick, and the topmost layer ending at a height of ∼15 km above sea level. Two simulation periods, summer (July 6-August 29) and fall (October 30 -December 7), were considered in this study. During these time periods in 2005, wildfires did not have a major impact on air quality within the modeling domain.
Baseline Emissions. Anthropogenic emissions estimates for 2005 were originally developed by the South Coast Air Quality Management District and the California Air Resources Board (22) . Baseline emissions from diesel-powered construction equipment were multiplied by 0.20 and 0.32 for NO x and exhaust PM, respectively, to match updated estimates of these emissions developed based on off-road engine fuel use by Millstein and Harley (23) . The spatial distribution of emissions was also adjusted as construction activities had moved on to new locations further inland relative to those specified in the baseline inventory. The revisions to construction emissions led to increased relative importance of on-road diesel engine emissions that are the focus of the present study.
The chemical composition of NO x emissions from onroad vehicles was revised downward from a 10% NO 2 fraction assumed to apply uniformly to all sources in the baseline inventory, to 5 and 1% NO 2 for heavy-duty diesel and lightduty gasoline vehicles, respectively, as measured in a summer 2006 highway tunnel experiment under loaded-mode driving conditions (24) . These values may not accurately represent heavy-duty diesel NO 2 emission fractions under other driving conditions, especially at idle or for slow-speed/stop-and-go urban driving. Again based on highway tunnel measurements of loaded-mode driving (25) , diesel PM 2.5 emissions were speciated as follows: 64% EC, 32% OC, and 4% other material. Additionally, weekend emission estimates for selected source categories were adjusted to match activity patterns reported by Chinkin et al. (26) for southern California.
Baseline anthropogenic emissions for fall 2005 and summer/fall 2014 simulation periods were estimated by adjusting summer 2005 emission estimates using scaling factors for each pollutant and source category. Scaling factors were derived from tabulated seasonal planning inventories for 2005 and 2014 (22) . Biogenic emissions were estimated using the BEIGIS model (27) ; separate estimates were available for each day of 2005 (28) . Biogenic emissions were left unchanged in the 2014 simulations.
Forecasts of future anthropogenic emissions in southern California reflect the effects of population growth and all emission control rules adopted prior to 2006. Baseline emission forecasts for 2014 do not include the effects of the new rule requiring in-use diesel engine retrofits. The effects of other recently adopted rules requiring emission reductions at ports (29) and reductions of greenhouse gas emissions (30) are also not included here. The 2014 emission inventory accounts for growth in the number of trucks on the road, as well as fleet turnover which acts by replacing older trucks with new ones that meet current new-engine emission standards for PM and NO x . Thus significant (∼50%) reductions in diesel truck emissions are forecast to occur between 2005 and 2014 even without the in-use engine retrofit/ replacement rule, as shown in Figure 2 .
Emissions for 2014 Retrofit Scenario. Additional reductions in PM and NO x emissions due to accelerated retrofits and engine replacements, beyond what can be expected from fleet turnover, have been estimated by CARB staff (31) and are shown in Figure 2 . Emissions of NO x from on-road diesel vehicles are reduced by 28% relative to the baseline 2014 emission scenario. Similarly, exhaust PM emissions are reduced by 70% (speciation of PM emissions was left unchanged, however it is likely that use of diesel particle filters will influence the composition of PM as well as total mass emitted). Emission scaling factors were derived from the ratio of 2014 emissions for the two cases shown in Figure  2 . Additional small adjustments to account for emissions from lighter vehicles (below 6350 kg or 14000 lb gross vehicle weight) that will not be subject to retrofits were also included in the calculations. Minor contributions to total CO and VOC emissions in the 2014 baseline inventory from on-road diesel engines were reduced by the same relative amounts as PM in the retrofit scenario, which is approximately the expected outcome if DPFs equipped with an oxidation catalyst are installed (15) . CARB requires that retrofit control technologies for PM must be at least 85% efficient (9) .
The NO 2 /NO x emission ratio for on-road heavy-duty diesel engines was increased from 5% in the baseline inventory, based on tunnel measurements of in-use trucks (24) , to 35% in the 2014 retrofit scenario, based on dynamometer tests of diesel trucks with and without installed DPF (15) . The retrofit scenario reflects universal use of DPF systems to control exhaust PM emissions. Some increase in NO 2 /NO x emission ratio may occur by 2014 even without the accelerated retrofit program, though this effect on fleet-average NO 2 emissions will be small because any new DPF-equipped trucks must also meet low-NO x emission standards that apply to new engines. Retrofit of DPF systems on older engines with higher NO x emission rates has much greater potential to increase fleet-average NO 2 emissions.
Results and Discussion
Tables S1 and S2 (in the Supporting Information) show major sources of EC and NO x emissions in southern California. The total emissions, summed over all sources, of EC and NO x , are 14 and 5% lower, respectively, for the on-road diesel engine retrofit scenario compared to the 2014 baseline. Reductions in on-road diesel truck emissions alone are much larger, 70 and 28% for PM and NO x , respectively, as shown in Figure  2 . While on-road diesel exhaust is the largest single source of EC and NO x emissions, many other sources also contribute significantly to total emissions, and these other sources limit the air quality impact of reductions in on-road diesel emissions. Separate efforts and new rules (not included in this study) seek to control emissions from some of these sources, for example marine engines and off-road construction equipment. The contribution of on-road diesel engines to EC emissions summed over all sources is reduced from 23 to 9% between the 2014 baseline and retrofit scenarios, as shown in Tables S1 and S2. Note in Table S3 that anticipated changes in emissions between 2005 and 2014 reflect increased emphasis on controlling diesel engine emissions, and therefore include greater relative reductions in NO x compared to CO and VOC. In contrast, during the 1990s, emissions of CO and VOC decreased more rapidly than NO x (4, 32) .
Model Evaluation for 2005. Air quality model predictions for 2005 were compared to observations made at 12 special study sites from the Multiple Air Toxics Exposure Study (MATES-III; (21)), where speciated 24-h average fine particle concentrations were measured every third day. The network of observation sites used for model evaluation is shown in Figure 1 . As shown in Table 1 , there were no large systematic biases in model predictions of the pollutants examined here for 2005 (fine particulate mass, EC, and nitrate; O 3 and NO 2 in the gas phase). Though more extensive gaseous pollutant measurements are available (i.e., daily data at a larger number of sites), for consistency, the evaluation of NO 2 and O 3 predictions was limited to the same sites for which speciated PM 2.5 measurements were available. Given uncertainties in absolute predicted concentrations both compared to observations in 2005 and for the future 2014 scenarios, we focus More detailed comparisons of model predictions with observations on a site-by-site basis are shown in Figure 3 for EC, and in Figures S1-S4 for other pollutants. As expected, EC and NO 2 concentrations were higher during fall, whereas O 3 concentrations were higher during summer. EC concentrations were overpredicted during the summer at Compton and North Long Beach; both of these sites are located close to the ports of Los Angeles and Long Beach. Fall season predictions at these locations matched the observations more closely. EC concentrations at Fontana were under-predicted, especially during the summer. These under-predictions were pervasive, not isolated to a few days or extreme events. A search of satellite imagery of the surrounding area suggested local sources, such as railroad and trucking facilities, may be the cause of the elevated EC concentrations. NO x emissions from these facilities also affected observed concentrations of O 3 and NO 2 : in both summer and fall there was evidence of ozone titration (and therefore decreased O 3 and increased NO 2 ) at Fontana (see Figures S3-S4 ). Comparison of 2005 modeled values to observations at Burbank during the fall (but not summer when a different flow regime prevails) also showed underestimation of EC and ozone titration effects similar to those seen at Fontana. The Burbank site is located about 500 m away from an interstate highway (I-5) that is a major truck route in and out of the Los Angeles basin. The 5-km horizontal resolution of the emission inventory and the air quality model are not sufficient to resolve plumescale dispersion near major freight-handling facilities and highways. We expect the effects of diesel controls at locations near large emission sources, such as Fontana and Burbank, to be larger than the average effects reported here. Effects on ambient air quality may be observed prior to 2014 at some sites, as controls on diesel vehicles serving ports and rail yards are required as of 2010.
Effects of Emission Controls in 2014. Both 2014 baseline and retrofit scenarios yield lower particulate EC and nitrate, and higher O 3 concentrations relative to 2005, in response to changes in PM and NO x emissions. Relative to the 2014 baseline, reductions of 12 ( 2% and 14 ( 2% in average EC concentrations are predicted for the diesel retrofit scenario, in summer and fall respectively. Changes in other pollutants were small relative to changes in EC. As shown in Table 1 , the reductions in EC due to the on-road diesel retrofit program are not as large as EC reductions expected due to decreases in emissions from all sources between 2005 and the 2014 baseline scenario.
The largest absolute reductions in EC from the in-use diesel retrofit program occur around central Los Angeles and near the port where truck traffic is high. These locations not only have high average EC levels but also relatively high population density. The use of regional scale metrics, such as tons of emissions reduced per day, does not reflect the collocation of EC reductions and population density. The negative effects of diesel retrofits on ambient O 3 concentrations are also largest near central Los Angeles, an upwind VOC-limited region where NO x reductions can lead to O 3 increases. While absolute increases to ozone are similar in both seasons (1-3 ppb across the greater Los Angeles area), larger relative increases in O 3 are forecast to occur during fall when baseline O 3 concentrations are lower. The predicted spatial distributions of 24-h average EC and NO 2 concentrations and daytime 8-h average O 3 concentrations, as well as changes to those concentrations due to diesel retrofits, can be seen in Figure 4 and Figures S5-S6 .
Changes to NO 2 concentrations reported in Table 1 require careful interpretation, as there are competing underlying effects. By 2014 about half of all in-use diesel trucks are expected to have NO x after-treatment, thus reducing total emissions. This reduction in NO x emissions leads to lower secondary NO 2 formation, and at the regional scale this could offset increased primary NO 2 emissions from the retrofit of older trucks with DPF. During summer when NO 2 lifetime is shortest, NO 2 concentrations are predicted to decrease by 4 ( 3%. During the fall, when photochemical activity levels are lower, average NO 2 concentrations decrease by only 2 ( 3% and small increases are seen near central Los Angeles and the port (see Figure S5 ). Increased exposure to primary NO 2 emissions from DPF-equipped engines remains a concern at the plume scale near major roadways and freighthandling facilities. At the air basin scale, retrofitting of NO x control equipment on in-use diesel engines will play an important role in mitigating the effect of increased primary NO 2 emissions associated with DPF retrofits on older engines.
While increases in O 3 concentrations also are predicted in densely populated areas, the O 3 increases are smaller in a relative sense for both seasons, when compared to expected decreases in EC. However, whether the predicted increases in ozone levels and decreases in EC levels lead on balance to public health benefits is unclear. Jerrett et al. (33) found the risk of death from respiratory causes increased with exposure to higher levels of ozone and the risk of death from cardiovascular causes increased with exposure to higher ambient PM 2.5 levels. Environmental justice issues also arise when considering the question of diesel engine emission control: Marshall (34) found that in southern California, lowincome and nonwhite populations were disproportionately exposed to diesel PM 2.5 pollution but not ozone.
While this research evaluates the effects of the retrofit regulations on local air quality, the reduction of black carbon emissions has been suggested as a potential method to reduce anthropogenic warming effects (35) . Unger et al. (36) found reductions of U.S. on-road black carbon emissions may decrease radiative forcing in the short term. Control of inuse diesel emissions offers the possibility of addressing both local air quality and regional and global climate change problems.
Discussion of Uncertainties. The most important emission inventory uncertainties relevant to the present study are the changes in on-road diesel emissions that will occur by 2014 with and without the retrofit program. Emissions from other source categories (e.g., on-road gasoline engines, off-road mobile sources, dust emissions in the fine mode, biomass burning) also affect the relative importance of onroad diesel engine emissions and their control. This study does not include the effects of other new air pollution control efforts that are being pursued in parallel with control of onroad diesel vehicle emissions. For example, control of marine engine and wood-burning emissions (37) will lead to additional PM reductions that are not considered here. Also this study modeled air quality over 3 months (2 summer and 1 fall), emphasizing diesel retrofit impacts on peak ozone (summer) and peak PM 2.5 (fall) levels, but not addressing annual average PM 2.5 which is also of concern.
This study evaluated the use of passive, highly oxidative DPF to control PM emissions from on-road diesel vehicles. This is a standard approach to emissions control for longhaul truck applications, but other control technology options exist and may be preferred in some situations. Many of these alternate approaches lead to less NO 2 emission increase than the DPF scenario considered here.
A key decision to be faced by vehicle owners will be whether to retrofit or replace their equipment. Accelerated replacement of older vehicles, rather than retrofit, could lead to different air quality outcomes, and provides tangible returns on investment to vehicle owners in the form of longer service life and greater reliability associated with new vehicles. New engines must meet current NO x emission standards and would not be subject later to further retrofit/replacement requirements. NO x emission reductions would therefore be accelerated, and possible increases in NO 2 /NO x emission ratios would be of less consequence since total NO x would be lower. Another important issue is the longer-term durability of new and retrofit emission control systems on in-use diesel engine emissions beyond 2014 when most of the installed emission control systems will still be relatively new. Retrofit control systems may be chosen based on lowest cost rather than suitability for the intended vehicle/application, and may therefore malfunction.
As shown in Figure 2 , in the baseline scenario both NO x and PM 2.5 emissions from heavy-duty diesel vehicles are forecast to decrease with a characteristic time (half-life) of 7-8 years, reflecting the combined effects of growth in travel and fleet turnover in the on-road heavy-duty vehicle sector. This corresponds to a 9-10% per year reduction in emissions of both pollutants, which is a higher rate than has been achieved in past years. For example, Ban-Weiss et al. (25) found that heavy-duty diesel NO x and PM emission factors measured on-road decreased between 1997 and 2006 by 3 and 5% per year, respectively, and these numbers do not account for growth in diesel fuel use over the same period which offset some of the reductions. Also diesel vehicle fleet turnover is expected to have slowed due to weakness in the U.S. economy since 2008. If baseline diesel emission reduction forecasts by 2014 are too optimistic, then the effects of DPF retrofits could be larger in 2014 than what is reported in Table 1 .
The response of secondary fine particulate nitrate to changes in NO x emissions merits further discussion and study. Offsetting effects on the rates of relevant reactions such as OH + NO 2 (forming nitric acid) and O 3 + NO 2 (forming nitrate radical) can lead to nonlinear air quality responses to changes in NO x emissions. For example, hydroxyl radical (OH) concentrations may increase in response to lower NO 2 , since NO 2 concentration is an important factor in determining OH. As a result, nitric acid formation rates at urban receptors may be buffered against changes in NO 2 . On the other hand, weekend reductions in NO x emissions lead to lower observed particulate nitrate levels in California (38) , in contrast with model predictions reported here. Reductions in PM 2.5 mass may be larger than reported in Table 1 for the 2014 retrofit scenario if ambient nitrate levels decrease in response to lower NO x emissions. Additional effects on air quality that were not modeled may result from changes to formation of HONO from reaction of NO 2 with semivolatile organic species present in diesel exhaust (39) . Reductions in diesel primary organic aerosol (POA) emissions were included in this study, however potential effects on secondary organic aerosol of partitioning and oxidation of POA (40) were not quantified here.
